RNA can serve as powerful building blocks for bottom-up fabrication of nanostructures for biotechnological and biomedical applications. In addition to current self-assembly strategies utilizing base pairing, motif piling and tertiary interactions, we reported for the first time the formation of RNA based micellar nanoconstruct with a cholesterol molecule conjugated onto one helical end of a branched pRNA three-way junction (3WJ) motif. The resulting amphiphilic RNA micelles consist of a hydrophilic RNA head and a covalently linked hydrophobic lipid tail that can spontaneously assemble in aqueous solution via hydrophobic interaction. Taking advantage of pRNA 3WJ branched structure, the assembled RNA micelles are capable of escorting multiple functional modules. As a proof of concept for delivery for therapeutics, Paclitaxel was loaded into the RNA micelles with significantly improved water solubility. The successful construction of the drug loaded RNA micelles was confirmed and characterized by agarose gel electrophoresis, atomic force microscopy (AFM), dynamic light scattering (DLS), and fluorescence Nile Red encapsulation assay. The estimate critical micelle formation concentration ranges from 39 nM to 78 nM. The Paclitaxel loaded RNA micelles can internalize into cancer cells and inhibit their proliferation. Further studies showed that the Paclitaxel loaded RNA micelles induced cancer cell apoptosis in a Caspase-3 dependent manner but RNA micelles alone exhibited low cytotoxicity. Finally, the Paclitaxel loaded RNA micelles targeted to tumor in vivo without accumulation in healthy tissues and organs. There is also no or very low induction of pro-inflammatory response. Therefore, multivalence, cancer cell permeability, combined with controllable assembly, low or non toxic nature, and tumor targeting are all promising features that make our pRNA micelles a suitable platform for potential drug delivery.
Introduction
Functional nanoparticles fabricated via molecular self-assembly hold great promise for applications in biotechnology and biomedicine [1] [2] [3] [4] . Among these, RNAs have been utilized as unique biomaterials to construct a wide variety of nanoparticles via self-assembly [3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . These RNA nanoparticles have been demonstrated to be further functionalized for biomedical applications [2, [17] [18] [19] [20] [21] [22] . The strategies for RNA nanoparticles self-assembly were previously reported. Exploiting RNA base pairing and tertiary interactions provides versatile RNA assemblies with accurate control over their composition, structure, and function at the nanometer scale [10, 23] . In this present study, we explore another novel strategy to fabricate RNA self-assemblies with micellar properties through intermolecular hydrophobic interactions.
We have discovered and manufactured a stable phi29 pRNA threeway junction (3WJ) motif that can be used as a scaffold to construct multivalent RNA nanoparticles with high chemical and thermodynamic stability [5, 8] . The resulting branched RNA nanoparticles are uniform in size and shape. They can harbor different functionalities while retaining their tertiary fold and independent functionalities both in vitro and in vivo [8, 12, 19, 21, [24] [25] [26] [27] [28] . We have also shown that fluorescent dye molecules [29, 30] and specific cell targeting ligands [19] [20] [21] 27, 31] can be covalently attached onto RNA strands either through RNA solid phase synthesis or by post-transcriptional chemical conjugation methods [7, 10, 32] . The feasibility of modifying RNA molecules with different chemical and functional moieties proved the potential of RNA nanoparticles as a multi-functional drug delivery platform.
Further inspired by DNA micelle construction [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] , we are able to convert a hydrophilic RNA molecule into an amphiphilic construct by fusing a lipophilic moiety onto one of pRNA-3WJ branched helical ends. This amphiphilic construct behaves similarly as a phospholipid while it spontaneously self-assembles into monodispersed, three-dimensional micellar nanostructures with a lipid inner core and a branched exterior RNA corona as the results of intermolecular hydrophobic interactions in aqueous solution. Unlike current DNA micellar systems, which are limited in application by their mono-functionality [34, 37] , our pRNA micelles are capable of covalently attaching diverse types of functional moieties to a single particle, including chemo-drugs for cancer therapeutics, imaging moieties for nanoparticles tracking, and co-delivered RNAi components for combination treatment. Paclitaxel (PTX), isolated from the bark of Pacific Yew (Taxus brevifolia) [43] , is one of the most effective chemotherapeutic drugs for a number of cancer types [44] [45] [46] . The mechanism of paclitaxel for cancer treatment is to promote and stabilized microtubules and further inhibit G2 or M phases of the cell cycle followed by cell death [47] . However, Paclitaxel has been classified as an IV chemical drugs according to the Biopharmaceutical classification system (BCS), because it has both low water solubility (~0.4 μg/mL) and low permeability. The first formulation of paclitaxel to be used was in a 1:1 (v:v) blend of Cremophor EL(polyethoxylated castor oil) and dehydrated ethanol diluted 5-20 fold with 0.9% sodium chloride or 5% dextrose solution for i.v. administration [48] . However, formulation with Cremophor oil has been observed to cause severe side effects [49] as well as unpredictable non-linear plasma pharmacokinetics [50] . Therefore, alternative Paclitaxel formulations have been explored extensively, particularly with nanoparticle-based delivery systems [51] . Taking advantage of nanoscaled size, tumor targeted delivery, and biocompatibility, the encapsulation of Paclitaxel in a nano-delivery system can increase drug circulation half-life, lower its systemic toxicity, reduce side effects, improve pharmacokinetic and pharmacodynamic profiles, and demonstrate better patient compliance. Paclitaxel albumin-bound nanoparticles (Abraxane®) have been approved by the FDA in 2005. Paclitaxel liposomes (Lipusu®), polymeric micelles (Genexol PM®) and polymeric conjugate with polyglutamate (Xyotax®) are currently commercial available paclitaxel formulations. In addition, there are various types of Paclitaxel nanoparticle formulations either under development or in clinical trials, such as polymer-based nanoparticles [52] [53] [54] , lipidbased nanoparticles [55, 56] , polymer-drug conjugates [57, 58] , inorganic nanoparticles [59] , carbon nanotubes [60] , nanocrystals [61] , etc. However, formulating Paclitaxel in a RNA based nano-delivery platform has never been reported.
The present study demonstrates, to the best of our knowledge, the first design and construction of a well-defined RNA-micelles system to load Paclitaxel through conjugation to pRNA-3WJ-lipid. It is also the first time to report RNA-Paclitaxel micelles with significantly enhanced Paclitaxel water solubility and tumor permeability. The resulting RNA micelles showed low critical micelle formation concentration (CMC), excellent cell binding and permeability, and efficient inhibition of cancer cell proliferation by induction of Caspase-3 dependent cell apoptosis in vitro. Finally, we demonstrated that these drug-loaded RNA micelles can be systemically delivered into tumor with advantageous tumor targeting, while minimizing retention of drug in healthy tissues and crucial organs. There is also no or very low induction of pro-inflammatory response. All of these findings indicate the strong potential of the RNA-micelle system as a suitable drug delivery platform for cancer treatment. We are aimed at achieving tumor specific targeting, reducing the drug effective dose and further diminishing the adverse effects of chemotherapy. Our ultimate goal is to explore the application of the RNA micelles as a robust and safe nano-delivery system to carry anti-cancer drugs for specific tumor targeting and treatment with minimum adverse effects to combat cancer and improve the life quality of patients.
Materials and methods

Synthesis of paclitaxel conjugated RNA strand via "click chemistry"
To synthesize PTX-Azide, 1:2:2:1 eq. of Paclitaxel (Alfa Aesar), 6-Azido-hexanoic acid (Azido-HA) (Chem-IMPEX INT'L Inc), N, N′-Dicyclohexyl-carbodiimide (DCC) (Acros Organics), and 4-(Dimethylamino) pyridine (DMAP) (Sigma Aldrich) were weighed into a two-neck round bottom flask. The reaction mixture was dissolved iñ 20 mL dried Dichloromethane (DCM) and reacted at room temperature while stirring under nitrogen atmosphere for 24 h. The reaction solution was filtered and concentrated on a rotary evaporator. The concentrated reaction was further purified by slica gel chromatography under serial solvent wash with n-Hexane:ethyl acetate. Fractions containing pure product were combined and dried. The purified final product PTX-Azide was characterized by Nuclear Magnetic Resonance (NMR) Spectroscopy.
5′-Alkyne-RNA was synthesized via standard RNA solid phase chemical synthesis using 5′-Hexynyl phosphoramidite (Glen Research Corp.). The theoretical yield of labeled RNA strand is~68% (0.98 19 = 0.68) with an average coupling efficiency of 98%.
To 5 μL of a 2 mM RNA-Alkyne solution in water, 2 μL of PTX-Azide (50 mM, 5 eq. in 3:1 (v/v) DMSO (Dimethyl sulfoxide, extra dried, Acros Organics)/tBuOH (tert-Butanol, anhydrous, Sigma Aldrich)), 3 μL of freshly prepared "Click Solution" containing 0.1 M CuBr (Copper(I) bromide, Sigma Aldrich) and 0.1 M TBTA (Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine, Sigma Aldrich) in a 1:2 molar ratio in 3:1 DMSO/tBuOH were added. The reaction mixture was thoroughly mixed and reacted under room temperature for 3 h. The success of the reaction was determined by 20% 8 M Urea PAGE in TBE (89 mM Tris base-borate, 2 mM EDTA) buffer. The reaction was subsequently diluted with 100 μL 0.3 M NaOAc (Sodium Acetate) and 1 mL 100% Ethanol for RNA precipitation. The precipitates were dissolved in water for purification using Ion-Pair Reverse Phase HPLC on an Agilent PLRP-S 4.6 × 250 mm 300A column. PTX-labeled RNA was separated from unreacted RNAAlkyne in an Acetonitrile ramp. The column was equilibrated in 95% solvent A (0.1 M TEAA, HPLC grade H 2 O) and 5% solvent B (0.1 M TEAA, 75% Acetonitrile, 25% HPLC grade H 2 O) at a flow rate of 1.5 mL/min. The samples were filtered through a 0.2 μm spinfilter, loaded onto the column and then eluted by ramping from 5% to 100% B over the course of 30 min. Fractions were collected, combined and buffer exchanged. The final RNA-PTX conjugate was characterized by Mass Spectrometry.
Design and construction of 2′-F modified pRNA-3WJ-PTX micelles
The RNA micelles were constructed using a bottom-up approach [6] . The pRNA-3WJ-PTX micelles consisting of three fragments, a 3WJ , b 3WJ and c 3WJ , were functionalized with Paclitaxel (Alfa Aesar) on a 3WJ 5′-end (a 3WJ -5′PTX), as a therapeutic module; Cholesterol on b 3WJ 3′-end (b 3WJ -3′chol), as lipophilic module; and Alexa647 (Alexa Fluor® 647, Invitrogen) on c 3WJ 3′-end (c 3WJ -3′Alexa647), as a near-infra-red (NIR) imaging module. The control RNA nanoparticles are particles without therapeutic module named as pRNA-3WJ micelles, without lipophilic module named as pRNA-3WJ-PTX, and without both lipophilic module and therapeutic module named as pRNA-3WJ.
The following pRNA-3WJ scaffold [6] sequences were used: a 3WJ 5′-UUgCCaUgUgUaUgUggg-3′; b 3WJ 5′-CCCaCaUaCUUUgUUgaUCC-3′; c 3WJ 5′-ggaUCaaUCaUggCaa-3′ (upper case indicates 2′ Fluoro (2′-F) modified nucleotide). The RNA fragments were synthesized by standard solid phase chemical synthesis [60] with commercially available phosphoramidite monomers of 2′-TBDMS Adenosine (n-bz) CED, 2′-TBDMS Guanosine (n-ibu) CED, 2′-Fluoro Cytidine (n-ac) CED, and 2′-Fluoro Uridine CED, followed by deprotection according to manufacturer (Azco Biotech) provided protocol. Paclitaxel (PTX) was conjugated onto a 3WJ 5′-end by chemoselective Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction ("Click chemistry") and purified through reverse phase HPLC as mentioned above. Cholesterol was attached to the 3′-end of b 3WJ strand by using 3′-Cholesteryl-TEG CPG support (Glen Research Corp.), following manufacturer instructions. The theoretical yield of b 3WJ -3′chol is~68% (0.98 19 = 0.68) with an average coupling efficiency of 98%. Synthesized RNA is purified from terminated strands using an ion-pair reverse phase column which typically yields complete labeling with cholesterol during solid phase synthesis. Alexa647 labeled RNA strand was purchased from TriLink Bio Technologies, LLC. pRNA-3WJ-PTX micelles were assembled by mixing 3WJ strands (a 3WJ , b 3WJ and c 3WJ ) at equal molar concentrations in TMS buffer (50 mM Tris pH = 8.0, 100 mM NaCl, 10 mM MgCl 2 ) or PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 2 mM KH 2 PO 4 , pH 7.4) followed by heating to 80°C for 5 min and slowly cooling to 37°C over the course of 40 min with a subsequent 1 h incubation at 37°C.
Characterization of the assembled pRNA-3WJ micelles
The assembly of the functionalized 3WJ nanoparticles was characterized by 1% (w/v) agarose gel shift assays in TAE (40 mM Trisacetate, 1 mM EDTA) buffer. After electrophoresis, the gel was stained by ethidium bromide and visualized by Typhoon FLA 7000 (GE healthcare).
The apparent hydrodynamic diameters of preassembled pRNA-3WJ-PTX (20 μM in PBS buffer) and pRNA-3WJ-PTX micelles (10 μM in PBS buffer) were measured by Zetasizer nano-ZS (Malvern Instrument, LTD) at 25°C, respectively. The data were obtained from three independent measurements. The Zeta potential of pRNA-3WJ-PTX micelles (1 μM in PBS buffer) was also mearsured by Zetasizer nano-ZS (Malvern Instrument, LTD) at 25°C.
The size and shape of the RNA micelles were also determined by Atomic Force Microscopy (AFM). For AFM, 10 μM solution of the pRNA-3WJ-PTX micelles in TMS buffer were deposited onto freshly cut mica surface and dried overnight. After two consecutive rinsing steps with HPLC grade water, the mica was mounted onto Bruker Multimode IV AFM and imaged in taping mode.
Successful formation of the RNA micelles was also determined by a Nile Red encapsulation assay as reported previously [62, 63] . A 5 mM stock solution of Nile Red in acetone was used for all experiments. Briefly, 0 μM, 1 μM, 5 μM, and 10 μM of assembled pRNA-3WJ micelles were incubated with 100 μM of Nile Red in TMS buffer, respectively. The mixture was heated to 80°C for 5 min and slowly cooled to 37°C over 40 min followed by 1 h incubation at 37°C. The fluorescence intensity of Nile Red versus RNA micelles concentration was measured by Fluorolog spectrofluorometer (Horiba Jobin Yvon) with an excitation wavelength of 535 nm and emission spectra taken from 560 nm to 760 nm. The pRNA-3WJ was used as a control.
Determination of critical micelle formation concentration (CMC)
CMC of pRNA-3WJ micelles was determined by both fluorescent Nile Red encapsulation assay as previously reported [63] and agarose gel electrophoresis. Briefly, 2-fold serial diluted RNA micelle samples (in the range of 5 μM to 0.005 μM) were incubated with 100 μM of Nile Red in a final volume of 50 μL. The samples were heated to 80°C for 5 min and slowly cooled to 37°C over 40 min followed by 1 h incubation at 37°C. The fluorescence intensity of Nile Red versus RNA micelles concentration was measured by Fluorolog spectrofluorometer (Horiba Jobin Yvon) with an excitation wavelength of 535 nm and emission spectra taken from 560 nm to 760 nm. 2-fold serial diluted RNA micelle samples (in the range of 2.5 μM to 0.0390625 μM) were directly loaded onto a 1% (w/v) agarose gel for electrophoresis under 120 V in TAE buffer. The gel was stained by ethidium bromide and visualized by Typhoon FLA 7000.
Formulation stability assay
Final 2 μM of pRNA-3WJ micelles were incubated in acidic (pH = 4), neutral (pH = 7.4), and basic (pH = 12) buffers at 37°C for 1 h. Final 2 μM of pRNA-3WJ micelles were also incubated at different temperatures (4°C, 37°C, and 65°C) for 1 h. All samples after incubation were loaded onto a 1% (w/v) agarose gel for electrophoresis under 120 V in TAE buffer. The gel was stained by ethidium bromide and visualized by Typhoon FLA 7000.
Cell culture
Human KB cells (American Type Culture Collection, ATCC) were grown and cultured in RPMI-1640 (Thermo Scientific) containing 10% fetal bovine serum(FBS) in a 37°C incubator under 5% CO 2 and a humidified atmosphere. Mouse macrophage-like RAW 264.7 cells were grown in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% FBS, 100 units/mL penicillin and 100 mg/mL streptomycin at 37°C in humidified air containing 5% CO 2 .
2.7. In vitro binding assay using flow cytometry 250 nM, 500 nM, and 1 μM Alexa647 labeled pRNA-3WJ-PTX micelles and the control pRNA-3WJ-PTX nanoparticles without lipophilic module were each incubated with 2 × 10 5 KB cells at 37°C for 1 h.
After washing with PBS twice, the cells were resuspended in PBS. Flow Cytometry was performed by the University of Kentucky Flow Cytometry & Cell Sorting core facility to observe the cell binding efficacy of the Alexa647 labeled pRNA-3WJ-PTX micelles. The data was analyzed by FlowJo 7.6.1 software.
In vitro binding and internalization assay using confocal microscopy
KB cells were grown on glass slides overnight. 1 μM Alexa647 labeled pRNA-3WJ-PTX micelles and the control pRNA-3WJ-PTX nanoparticles without lipophilic module were each incubated with the cells at 37°C for 1 h. After washing with PBS, the cells were fixed by 4% paraformaldehyde (PFA) and washed 3 times by PBS. The cytoskeleton of the fixed cells was treated with 0.1% Triton-×100 in PBS for 5 min to improve cell membrane permeability and then stained by Alexa Fluor 488 Phalloidin (Life Technologies) for 30 min at room temperature and then rinsed with PBS for 3 × 10 min. The cells were mounted with Prolong® Gold antifade reagent with DAPI (Life Technologies) and DAPI was used for staining the nucleus. The cells were then assayed for binding and cell entry by FluoView FV1000-Filter Confocal Microscope System (Olympus Corp.).
In vitro drug releasing assay for pRNA-3WJ-PTX
10 μM of The pRNA-3WJ-PTX conjugate was incubated with 50% FBS at 37°C and samples were collected at different time points (1 h, 4 h, 8 h, 12 h, 15 h, 22 h, 24 h, 28 h, and 36 h) and froze immediately at −80°C. After completing sample collection through entire time course, all samples were run on 15% native PAGE in TBM buffer (89 mM Tris base-borate, 5 mM MgCl 2 ). The gel bands were quantified by Image J and the percentage of intact particle was calculated by intact particle % = [(intensity of upper band) / (intensity of upper band + lower band)] × 100%. Upper band indicates intact RNA-drug conjugate while lower band indicates RNA oligo after drug releasing.
MTT assay
In order to assay the cytotoxicity effects after pRNA-3WJ-PTX micelles treatment, CellTiter 96 Non-Radioactive Cell Proliferation Assay (Promega) was used to assay cell viability changes following manufacturer instructions. Briefly, 1 × 10 4 KB cells were seeded into 96-well plates a day prior to the assay. On the second day, 1 μM, 800 nM, 600 nM, 400 nM, and 200 nM of pRNA-3WJ-PTX micelles were added to the wells in triplicate. Paclitaxel alone, pRNA-3WJ micelles, pRNA-3WJ-PTX, and pRNA-3WJ were used as controls in the same testing concentrations. The plate was incubated at 37°C for 48 h in a humidified, 5% CO 2 atmosphere. After incubation, 15 μl of the Dye Solution was added to each well and the plate was incubated at 37°C for up to 4 h in a humidified, 5% CO 2 atmosphere. Next, 100 μL of the Solubilization Solution/Stop Mix was added to each well and incubated for 1 h. Finally, the contents of the wells were mixed to get a uniformly colored solution and their absorbance at 570 nm was recorded using Synergy 4 microplate reader (Bio-Tek).
Apoptosis study in in vitro cell model
FITC Annexin V Apoptosis Detection Kit (BD Pharmingen) and Caspase-3 Assay Kit (BD Pharmingen) were used as previously reported [64] to study cell apoptosis induced by pRNA-3WJ-PTX micelles treatment. For FITC Annexin V staining assay, KB cells were seeded on 12-well plates overnight. Cells (~30% confluence) were then treated with 1 μM of pRNA-3WJ-PTX micelles. The controls include Paclitaxel, pRNA-3WJ micelles, and pRNA-3WJ. According to manufacturer's instruction, 48 h after incubation with the RNA micelles, KB cells were trypsinized to single cell suspension. After two times PBS wash, the cells were re-suspended in 100 μL 1× Annexin V-FITC binding buffer. Then 5 μL AnnexinV-FITC and 5 μL propidium iodide (PI) were added into each sample and incubated at room temperature for 25 min. The samples were finally added to a flow tube which contained 200 μL 1× binding buffer for FACS analysis within 1 h.
For Caspase-3 assay, KB cells were seeded on 24-well plates overnight. Cells (~30% confluence) were then treated with 1 μM of pRNA-3WJ-PTX micelles. The controls include Paclitaxel, pRNA-3WJ micelles, and pRNA-3WJ. The cellular Caspase-3 activity was measured and compared by Caspase-3 Assay Kit (BD Pharmingen) according to manufacturer's instruction. Briefly, Cell lysates (1-10 × 10 6 cells/mL) at different time points (4 h, 8 h, 12 h, and 24 h) after induction of apoptosis were prepared using cold Cell Lysis Buffer provided by the kit, and incubated for 30 min on ice. For each sample, 25 μL of cell lysate was added with 2 μL reconstituted Ac-DEVD-AMC in 80 μL of 1× HEPES buffer and incubated at 37°C for 1 h. The amount of AMC liberated from Ac-DEVD-AMC was measured at an excitation wavelength of 380 nm over an emission wavelength range of 400-500 nm on a , approximately 5 days post-injection, the mice were used for tumor targeting studies.
NIR fluorescence imaging to detect the targeting of RNA micelles to cancer xenografts in vivo
To investigate the delivery of pRNA-3WJ-PTX micelles in vivo, a fluorescence imaging study was performed after tail vein injection of 100 μL 20 μM Alexa 647 labeled pRNA-3WJ-PTX micelles and pRNA-3WJ-PTX (estimated final concentration in blood is about 1 μM) into mice bearing KB tumor, respectively. PBS injected mice were used as fluorescence negative controls. The whole body images were taken at 30 min, 1 h, 2 h, 4 h, 8 h, 24 h. Mice were sacrificed at 24 h post injection by inhalation of CO 2 followed by cervical dislocation, and major internal organs including heart, lungs, liver, spleen, kidneys together with tumor from the sacrificed mice were collected and subjected to fluorescence imaging for assessment of biodistribution profiles using IVIS Spectrum station (Caliper Life Sciences) with excitation at 640 nm and emission at 680 nm. Lipopolysaccharide (LPS, 3.6 μg/mL, equal amount as 200 nM pRNA-3WJ micelles) were diluted in DMEM (Life Technologies) and added to cells for incubation in triplicate. After 16 h incubation, cell culture supernatants were collected and stored at −80°C immediately for further assay. TNF-α and IL6 in collected supernatants were examined by using Mouse ELISA MAX Deluxe sets (BioLegend) while IFN-α was examined using Mouse IFN Alpha ELISA Kit (PBL Assay Science), following the manufacturers' instruction respectively. For in vivo evaluation of pro-inflammatory cytokines and chemokines induction, pRNA-3WJ micelles (1 μM), LPS (10 μg per mouse), and DPBS control were injected into 4-6 weeks male C57BL/6 mice via tail vein. 3 h post-injection, blood samples were harvested from mice by cardiac puncture and centrifuged at 12,800 ×g for 10 min to collect serum. Concentrations of TNF-α, IL6 and IFN-α in serum were examined by ELISA as described above following manufactures' instruction. Chemokine induction was conducted by using Mouse Chemokine Array Kit (R&D Systems) following manufacturer's instruction. LiCor was used for blotting spot quantification.
Evaluation of pro-inflammatory induction of pRNA-3WJ micelles
Statistical analysis
Each experiment was repeated 3 times in duplicates for each sample tested. The results are presented as mean ± SD unless otherwise indicated. Statistical differences were evaluated using Student's t-test, and p < 0.05 was considered significant.
Results and discussion
Construction and characterization of pRNA-3WJ micelles
The pRNA-3WJ-PTX micelles utilized a modular design composing of three short RNA fragments from pRNA 3WJ motif [6] (Fig. 1A) . The lipophilic module, cholesterol, was conjugated to the 3′-end of b 3WJ by considering the global folding structure of the pRNA 3WJ motif. The crystal structure of the pRNA 3WJ motif revealed that the angles among three helices (H1, H2, and H3) of the pRNA 3WJ are~60°(H1−H2), 120°(H2−H3), and~180°(H1−H3) [65] (Fig. 1B) . In order to avoid interference of micelle formation by steric hindrance due to the branched 3WJ structure, the cholesterol molecule was placed onto H3 where it is furthest from the other two helices, H1 and H2. Our current design functioned H1 with therapeutic module (Paclitaxel) and imaging module (Alexa 647 dye) without interfering in micelle formation (Fig. 1C, Fig. 1D ). The functions of conjugated chemotherapeutic drug and detection dye were also well retained as shown in the following study. The unoccupied helix H2 can be further activated with RNAi modules, such as siRNA or microRNA, for combined treatment to generate enhanced or synergetic therapeutic effects.
Upon mixing the individual strands in equal molar ratio in PBS or TMS buffer, the complex assembled with high efficiency, as shown in the 1% Agarose gel shift assay (Fig. 1E) . Alexa 647 labeled RNA micelles also showed fluorescent bands corresponding to the band indicating successful micelle formation (Fig. 1E) . The assembly of the RNA micelles was further demonstrated by AFM which showing homogeneous sphere-shaped architectures ( Fig. 2A) . DLS assays showed that the average hydrodynamic diameter of pRNA-3WJ-PTX micelles was 118.7 ± 14.50 nm compared to 7.466 ± 1.215 nm for pRNA-3WJ core scaffold (Fig. 2B) . The constructed pRNA-3WJ-PTX micelles were also negatively charged. The Zeta potential was −26.1 ± 10.4 mV as shown in Fig. 2C . Finally, the RNA micelles formation was also assayed by a Nile Red encapsulation assay. Nile Red is a hydrophobic dye and nearly non-emissive in bulk aqueous solution, but its inclusion in a nonpolar microenvironment such as the lipid core of the micellar structure results in an intense fluorescence enhancement [66] . Therefore, the increase in fluorescence intensity associated with the incubation of RNA micelles at varying concentrations with fix amounts of Nile Red dye indicated the formation of the RNA micelles in the buffer solution (Fig. 2D) . In contrast, no significant increase of fluorescent intensity was observed in the control pRNA-3WJ without a lipid core (Fig. 2D) .
To make the pRNA-3WJ micelles chemically stable in vivo, we used 2′-F modified U and C nucleotides [67, 68] during RNA strand synthesis. The 2′-F modified RNA nanoparticles were proved to be chemically stable and exhibit longer half-life in circulation compared to its unmodified RNA counterparts [6, 67] . The presence of 2′-F nucleotides not only makes the RNA nanoparticles resistant to RNase degradation, but also enhances the melting temperature of pRNA-3WJ [69] , without compromising the authentic folding and functionalities of the core and incorporated modules [6, 70] .
The pRNA-3WJ formulation stability was further assayed versus pH (acidic pH 4, neutral pH 7.4, and basic pH 12) and temperature (4°C, 37°C, and 65°C). The results indicated that pRNA-3WJ micelles were stable across a wide range of temperature and in acidic and neutral condition. Although pRNA-micelles showed partial dissociation problem at basic condition as reported in Supplementary Fig. 1 , pRNA-3WJ micelles formulation was chemically and thermodynamically stable in physiological condition (pH 7.4, 37°C).
Synthesis of paclitaxel conjugated RNA strand via "click chemistry"
In order to load pRNA micelles with therapeutic module, PTX was firstly functionalized with -Azide (-N 3 ) in order to further react with alkyne modified RNA. An azide group was introduced to 2'-OH position of PTX using 6-azidohexanoic acid linker via esterification, in the presence of N,N′-dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino) pyridine (DMAP) in dry dichloromethane to afford azide-functionalized PTX (PTX-N 3 ) as the predominant product (Supplementary Fig. 2A ). Although both hydroxyl groups at the 7′ and 2′ positions of PTX are chemically reactive, the 2′-OH group typically showed higher reactivity than the 7′-OH group, because acetylation of 7′-OH group is very unstable in aqueous media, losing the C-7 substituent rapidly [71] . PTX-N 3 with functionality at the 2′ position was obtained in 73% yield after purification. The 1 H NMR spectroscopy was employed to confirm the Fig. 2B ) while the resonance of 2′-CH proton was shifted from 4.78 ppm (before esterification) to 5.46 ppm (after esterification) (Supplementary Fig. 2C ).
PTX-N 3 reacted with -Alkyne modified RNA (a 3WJ ) at above 90% efficiency via Copper (I) mediated Click reaction as shown in Fig. 3A . The successful conjugation was confirmed by 20% 8 M Urea PAGE (Fig. 3B) and the Mass Spectrometry. The experimental mass of a 3WJ -PTX determined by Mass Spectrometry is 6939.2 (m/z) which is close to the theoretic masses (6936.82 (m/z)) calculated based on the chemical formula (Fig. 3C) . The ester bond formed between Paclitaxel and RNA can then be hydrolyzed in presence of either esterase or in aqueous solution, which allows slow releasing of the loaded drug in a controllable manner as indicated by in vitro drug releasing assay (Fig. 3A,  D) . This is the first report to "click" a RNA molecule with a chemotherapeutic drug, Paclitaxel. PTX conjugation did not interfere with the stepwise assembly of pRNA-3WJ (Supplementary Fig. 3A) . It is also the first time demonstrating that the water insolubility of Paclitaxel can be altered by fusing with a RNA oligo. 1 mM of RNA-Paclitaxel conjugates dissolved in DEPC H 2 O showed clear solution compared to cloudy solution prepared using equal concentration of Paclitaxel in DEPC H 2 O (Supplementary Fig. 3B ). The significantly improved water solubility of Paclitaxel after conjugation with RNA oligo and assembly into micellar nanostructures allows the use of normal saline solution for in vivo administration instead of Cremophor EL formulation. In addition to Click chemistry, functionalizing RNA oligos and candidate drugs with other chemical coupling reactive groups, such as -NH 2 /-NHS -NH 2 /-COOH, or -SH/-maleimide, are also feasible RNA-drug conjugation approaches which can be applied for drug candidates that are not suitable for Click chemistry.
Determine the critical micelle formation concentration
In order to determine the Critical Micelle Formation Concentration (CMC) of pRNA-3WJ-PTX micelles, the Nile Red assay was used as previously reported [63] . Nile red is a hydrophobic dye which has low fluorescence in water and other polar solvents but emits strong fluorescence in nonpolar environments such as the lipid core of the micellar structure. Therefore, Nile Red fluorescence emission intensity is utilized as an indicator for micellar structure formation. To determine CMC, the fluorescence intensity of Nile Red was plot as a function of the sample concentration. As shown in Supplementary Fig. 4A , Nile Red exhibited low fluorescence intensity at the concentration below 0.078 μM indicating that the Nile Red was in water and few micelles were present. With increasing concentration, the fluorescence intensity increased dramatically demonstrating that Nile Red was encapsulated in the lipid core of RNA micelles. The CMC can be estimated as the range from 39 nM to 78 nM since the Nile Red fluorescence intensity exhibits obvious increase starting at 39 nM to 78 nM (Supplementary Fig. 4B ). 1% TAE agarose gel further confirmed the CMC is~150 nM due to sensitivity limit (Supplementary Fig. 4C ). All the pRNA micelles concentration in vitro and in vivo experiments we performed is above CMC to ensure all the micelles are formed.
Binding and internalization of pRNA-3WJ-PTX micelles into KB cells
In order to assay the tumor cell targeting in vitro, the pRNA-3WJ-PTX micelles and control pRNA-3WJ-PTX without lipophilic module were incubated with KB cells, trypsinized, washed and then analyzed by Fluorescence-Activated Cell Sorting (FACS) assay. Strong binding (almost 100%) was observed for pRNA-3WJ-PTX micelles compared to pRNA-3WJ-PTX scaffold control (0% binding) (Fig. 4A) . Confocal microscopy images further confirmed the efficient binding and internalization of pRNA-3WJ-PTX micelles into cancer cells, as demonstrated by excellent overlap of fluorescent RNA nanoparticles (red color in Fig. 4B ) and cytoplasm (green color in Fig. 4B ). Very low signal was observed for control pRNA-3WJ-PTX without lipophilic modules. These results indicated that the RNA micelles had high affinity for cancer cell binding. Although the current RNA micelles design did not include a tumor specific targeting module, the highly charged RNA micelles (as RNA is negatively charged, also shown in Zeta potential study) were able to disintegrate themselves and insert into the cell membrane when interacting with the cells similar as DNA micelles as reported previously [35] . We suspected the internalization of the RNA micelles was mediated possibly by subsequent endocytosis after inserting into the cell membrane.
Effects of pRNA-3WJ-PTX micelles on growth and apoptosis of cancer cells in vitro
In order to determine the cellular effects of RNA micelles treatment, MTT assay was performed to assay the cell viability after treatment. The RNA micelles harboring PTX can successfully inhibit tumor cell growth at or above 250 nM, compared to RNA micelles only and 3WJ controls without Paclitaxel conjugation (Fig. 5A) . We did not test the concentrations below 125 nM in order to keep experiment condition higher than CMC. Cell growth inhibition caused by pRNA-3WJ-PTX micelles indicated release of the Paclitaxel from RNA strands due to the linker ester hydrolysis in aqueous solution. There was very little possibility of free Paclitaxel contamination to the testing constructs because of all the RNA-PTX conjugates went through thorough HPLC purification. In addition, pRNA-3WJ micelles without Paclitaxel loading showed no effects on cell viability and proliferation which indicating the low cytotoxicity of RNA micelles scaffolds and their potential as a safe drug delivery platform.
FITC labeled Annexin V staining confirmed that the majority of the cancer cell death was due to cell apoptosis as shown in Fig. 5B . Loss of plasma membrane is one of the earliest features in apoptotic cells. The externalization of membrane phospholipid phosphatidylserine (PS) from the inner to the outer leaflet of the plasma membrane allows FITC labeled Annexin V to bind PS for detecting cells that are undergoing apoptosis. Staining with FITC Annexin V is used in conjunction with PI to identify early apoptotic cells (Q3: PI negative, FITC Annexin V positive) and cells that are in late apoptosis or already dead (Q2: FITC Annexin V and PI positive). In our study, over 30% of the cells were undergoing apoptosis after 48 h treatment with pRNA-3WJ-PTX micelles compared to the control micelles without PTX (4.52%) or pRNA-3WJ without PTX (3.7%), indicating that the cancer viability change is due to the induction of cell apoptosis.
Caspase-3 is an early cellular apoptotic marker. The increase of the Caspase-3 activity is closely related to cell apoptosis. The elevation of Caspase-3 activity, as reflected by increased fluorescence intensity, appeared 12 h after treatment with pRNA-3WJ-PTX micelles ( Supplementary Fig. 5 ). We found that pRNA-3WJ-PTX micelles treated 
Y. Shu et al.
Journal of Controlled Release 276 (2018) [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] cell lysates showed the highest fluorescence emission similar to Paclitaxel alone compared to the control nanoparticles (pRNA-3WJ micelles and pRNA-3WJ), which indicate the induction of cell apoptosis in a Caspase-3 dependent manner (Fig. 5C ).
3.6. Specific targeting of tumors in xenografted animal models via imaging using NIR fluorescent pRNA-3WJ-PTX micelles
Tumor targeting efficiency by pRNA-3WJ-PTX micelles was investigated by collecting in situ fluorescence images of tumor xenografts in nude mice at different post injection time points. Images of the tumor area became readily defined 4 h post injection (Fig. 6A, Supplementary  Fig. 6 ). Ex vivo images of normal tissues, organs, and tumors taken from the RNA micelles-injected mice showed that the tumors harvested 24 h post injection exhibited the strongest signal (Fig. 6B) . In terms of tumor accumulation kinetics, RNA nanoparticles reached their highest accumulation 4 h post injection and remained longer in the tumor compared to healthy organs and tissues, which indicates a high tumor targeting efficiency and tumor retention capability of the constructed RNA micelles. Such distinct tumor retention behavior of RNA micelles suggested this delivery system makes the advantage of the EPR (enhanced permeability and retention) effect due to its nano-scale size and particle shape. In addition, the RNA micelles constructs showed prolonged tumor retention possible due to its larger particle size. The specificity of in vivo tumor targeting of RNA micelle nanoparticle can be further secured by including a tumor targeting modules, such as folate [6, 27, 65, 72, 73] and RNA aptamers [19, 21, 74] , to the empty helical branch on the RNA micelles.
No or low induction of pro-inflammatory response by pRNA-3WJ micelles
Pro-inflammatory response could potentially be induced by both RNA component [75] and cholesterol component [76] in pRNA-3WJ micelles formulation. In order to address this concern, we evaluated the production of pro-inflammatory cytokines and chemokines upon pRNA-3WJ micelles treatment both in vitro and in vivo. Tumor necrosis factor-α (TNF-α) is cytokine involved in systemic inflammation and one of the cytokines that make up the acute phase reaction [77] . Interleukin 6 (IL6) is an interleukin that acts as both a pro-inflammatory cytokine and an anti-inflammatory myokine. IL6 is secreted to stimulate immune response during infection [78, 79] . IFN-α, which belongs to type I interferon, is also cytokines involved in pro-inflammatory reaction released in response to the presence of viral pathogens. The results in Fig. 7A showed that pRNA-3WJ micelles at higher dose (1 μM) and lower dose (200 nM) did not induce either IL6 or IFN-α production compared to LPS positive control while incubating with mouse macrophage-like RAW 264.7 cells in vitro. TNF-α induction was not detectable with lower dose of pRNA-3WJ-micelles treatment but was slightly raised up upon higher dose of RNA micelles treatment. All three cytokines were not induced after in vivo injection of pRNA-3WJ-micelles into immune competent C57BL/6 mice compared to LPS control as shown in Fig. 7B .
Chemokines are the main proinflammatory mediators [80, 81] . We profiled 25 chemokine production upon pRNA-micelles treatment in vivo. From the result as shown in Fig. 7C , we can conclude that pRNA-3WJ micelles did not induce new chemokines compared to PBS group. Three chemokines, macrophage inflammatory protein-1 gamma (MIP-1γ), Chemokine10 (C10), and Monocyte chemoattractant protein 2 (MCP2) showed elevated induction compared to PBS control as highlighted by red square in the Supplementary Fig. 7 . In summary, pRNA-3WJ micellar formulation induced no or very low pro-inflammatory response.
In conclusion, we have designed and constructed well-defined pRNA based micelles composed of a hydrophobic lipid core and a hydrophilic pRNA-3WJ corona. Chemotherapeutic drug Paclitaxel has been loaded into RNA micelles with significantly improved water solubility. We also demonstrated that the Paclitaxel loaded pRNA micelles exhibit excellent tumor cell binding and internalization as well as effective induction of cytotoxicity effects on tumor cells as PTX in vitro. There is also no or very low induction of pro-inflammatory responses upon pRNA-micelles injection. Tumor targeting was achieved upon systemic injection of pRNA micelles into xenografted mouse models without accumulation into normal organs and tissues. The branched pRNA-3WJ corona gives incomparable versatility that can be designed and constructed in any desired combination. For example, the multifunctional pRNA-3WJ micelles can be achieved by combing targeting, imaging and therapeutic modules all in one nanoparticle. pRNA-3WJ micelles can also simultaneously deliver siRNAs or microRNAs against multiple genes or different location of one gene to generate synergetic effects. In addition, different types of anti-cancer drugs can be loaded onto one pRNA-3WJ micelles to enhance the therapeutic effect or overcome the drug resistance by combination therapy. Therefore, this innovative RNA based micellar nano-delivery platform holds great potential for clinical applications.
